Abstract Abnormal hippocampal neurogenesis is thought to contribute to cognitive impairments in chronic temporal lobe epilepsy (TLE). Stromal cell-derived factor-1 (SDF-1) and its specific receptor CXCR4 play important roles in neurogenesis. We investigated whether enriched environment (EE) might be beneficial for TLE. Adult rats were randomly assigned as control rats, rats subjected to status epilepticus (SE), or post-SE rats treated with EE for 30 days. We used immunofluorescence staining to analyze the hippocampal neurogenesis and Nissl staining to evaluate hippocampal damage. Electroencephalography was used to measure the duration of spontaneous seizures. Cognitive function was evaluated by Morris water maze. Western blot was used to measure the expression of SDF-1 and CXCR4 in the hippocampus. In the present study, we found the TLE model resulted in aberrant neurogenesis such as reduced proliferation, intensified dendritic development of newborn neurons, as well as spontaneous seizures and cognitive impairments. More importantly, EE treatment significantly increased the cell proliferation and survival, extended the apical dendrites, and delayed the attenuation of the expression of SDF-1 and CXCR4, accompanied by decreased long-term seizure activity and improved cognitive impairments in adult rats after TLE. These results provided morphological evidence that EE might be beneficial for treating TLE.
Introduction
Temporal lobe epilepsy (TLE), characterized by spontaneous recurrent seizures (SRS), cognitive impairments, and depression, often accompanied by hippocampal damage, is among the most frequent types of intractable epilepsy (Helmstaedter and Elger 2009; Tavakoli et al. 2011) . Abnormal hippocampal neurogenesis is a prominent feature of TLE models, which is thought to likely contribute to learning and memory impairments observed in chronic TLE (Hattiangady and Shetty 2008) .
Enriched environment (EE) is defined as a combination of Bcomplex inanimate objects and social stimulation^ (van Praag et al. 2000) . Considerable evidences had shown that EE treatment was beneficial for cognitive functions both in normal and pathological conditions (Cao et al. 2008; Anastasia et al. 2009; Hirata et al. 2011; Simao et al. 2012; Beauquis et al. 2013; Doulames et al. 2014; Piazza et al. 2014) . However, few studies addressed whether and how EE Xiaoqian Zhang and Tingting Liu contributed equally to this work. treatment influenced neurobehavioral outcomes in the chronic phase of TLE model.
Stromal cell-derived factor-1 (SDF-1) is a CXC chemokine protein produced by bone marrow stromal cells. SDF-1 and its specific receptor CXCR4 are expressed by adult-generated neural stem cells in two major neurogenesis regions: the subventricular zone (SVZ) and the dentate subgranular zone (SGZ) (Tran et al. 2007 ). SDF-1/CXCR4 plays a particularly important role in adult neurogenesis by means of regulating the proliferation of neural progenitor cells, mediating the migration, differentiation, and functional integration of newly born neurons into existing neuronal networks (Cheng and Qin 2012; Cui et al. 2013; Marquez-Curtis and JanowskaWieczorek 2013) . Studies have shown that the levels of SDF-1 protein are increased after status epilepticus (SE) and that the increase in SDF-1 in the hippocampus is relevant to cell genesis (Jung et al. 2009 ). Therefore, it is reasonable that the SDF-1/CXCR4 pathway may be involved in the altered microenvironments of newly born neurons after seizures.
Herein, we investigated whether EE treatment altered aberrant hippocampal neurogenesis, as well as the long-term consequences in the intracerebroventricular kainic acid (ICVKA) model of epilepsy. This widely used TLE model, in which nanomolar doses of kainic acid (KA) are injected unilaterally into the lateral ventricle, can produce SE and delayed onset SRS (Shetty et al. 2005; Li et al. 2010; Zhu et al. 2012 ).
Materials and Methods

Experimental Groups
Adult male Wistar rats (230-250 g) were randomly assigned as sham-operated rats (SHAM, n=20), rats with TLE (EP, n= 20), and rats with TLE in an enriched environment (EEEP, n= 20). EEEP group was in a length 841×width 526×height 565 mm big cage with various toys such as mazes, wheels, houses, chains, swings, balls, sinks, and ladders for 30 days, and these toys changed 1-2 times/week. SHAM and EP groups were placed in standard vivarium cages without toys. There were 3-6 rats in each cage. All rats were housed under controlled temperature in a 12-h light/dark cycle with enough food and water. Protocols and procedures were approved by the Institutional Animal Care and Use Committee of China Medical University.
Experimental Design
The experimental protocol is summarized in Fig. 1 . TLE was induced in the right lateral ventricle by the KA. As described previously, EEEP rats were placed in a big cage with various toys for 30 days. The animals were tested by water maze test and EEG on days 32-39 after seizures. To label newly generated cells, all rats received intraperitoneal injections of 5-bromo-2-deoxyuridine (BrdU; 100 mg/kg, Sigma-Aldrich) once a day on days 16-20 and twice daily on post-seizure days 40-41.
Temporal Lobe Epilepsy Model
The animals were anesthetized using a mixture of 3 % isoflurane in 30 % oxygen and 70 % nitrous oxide, and animals were maintained with 1.5 % isoflurane. KA was dissolved in sterile saline at a concentration of 0.4 μg/μl and injected into the right lateral ventricle using a Hamilton microsyringe at the following stereotaxic coordinates: anteroposterior (AP) +0.8 mm, mediolateral (ML) −1.5 mm, and dorsoventral −4.0 mm (all stereotaxic measurements are relative to the bregma and with the depth determined from the brain surface). KA was injected at 0.5 μl/min by an infusion pump, and the needle was left in situ for 5 min after injection before being slowly removed (Cook et al. 2009; Shetty et al. 2009 ). The dose of KA for each injection site was 2 μl. The first seizures were initiated at 15-30 min after the injection of KA. At that time, the rats were removed from the stereotaxic frame with closed suture, but they were not completely awaked from the anesthesia. Seizure severity was classified into five levels by Racine. Those rats which seizure severity reached to level IV and the duration more than 2 h were used in the following experiment (SE period). Following a latent period of about 2 weeks, the rats would develop focal SRS interspaced with interictal spikes-and-waves (chronic period). Sham-operated rats were injected with saline instead of KA.
Water Maze Test
The match-to-place version of the Morris water maze test was used to evaluate the spatial learning of rats as we have done previously (Zhao et al. 2009 ). At the end of the testing period (post-seizure day 34), a probe trial of 60 s without the platform was used to assess how well the rats remembered the location of the platform (number of passes over the previous platform location).
Electroencephalograph (EEG)
EEGs were obtained from an intracranial electrode placed into the right hippocampus of SHAM group (n=4), EP group (n= 4), and EEEP group (n=4) rats. Animals were anesthetized using a mixture 110 of 3 % isoflurane in 30 % oxygen and 70 % nitrous oxide and maintained with 1.5 % isoflurane then fixed into the stereotaxic apparatus. The electrodes were bipolar twisted silver steel and embedded in the skull with dental cement. These electrodes were implanted into the right hippocampal CA3 (3.8 mm posterior to bregma, 2.4 mm lateral, 3.4 mm ventral to the dura mater) and the nasal point, according to the following coordinates derived from the atlas of Paxinos and Watson. After 3 days recovery, spontaneous EEG seizures in the dentate gyrus (DG) were recorded in freely moving animals. They examined the total durations of spontaneous EEG seizures during an EEG recording session of 2 h (Sugaya et al. 2010) . The EEG signals were digitized with LabScribe2 digital acquisition software (iWorx, USA) and stored for offline analysis.
Tissue Preparation
The animals were transcardially perfused with 4 % paraformaldehyde in PBS on day 42 after operation. The brains were removed and postfixed and then stored in 30 % sucrose solution at 4°C. When the brains were in the bottom, they were cut on a cryotome into serial coronal sections (30 μm thick) from 2.8 to 4.3 mm posterior to bregma (Thermo Electron, Waltham, MA, USA). Six coronal sections were selected from every sixth section through the bilateral dorsal hippocampus in each animal for immunofluorescence staining.
Immunofluorescence Staining
For immunodetection of BrdU, brain sections were incubated in 2N HCl for DNA denaturation and neutralized with 0.1 M boric buffer (pH 8.5) and then incubated in the donkey serum for 90 min and sheep anti-BrdU (Abcam, 1:500) primary antibody at 4°C overnight. The following antibodies were applied in combination with anti-BrdU: guinea pig antidoublecortin (DCX) (1:800, Millipore, USA) or mouse antineuronal nuclei (NeuN) Alexa Fluor®488 conjugated (1:500, Chemicon, USA). Following this, sections were washed and incubated in the respective secondary antibody: donkey antisheep Alex Fluor 594 (Invitrogen, 1:500) or goat anti-guinea pig Alex Fluor 488 (Invitrogen, 1:1000). Double immunofluorescence staining was used to determine the identity of actively proliferating cells (BrdU/DCX) and newborn mature neurons (BrdU/NeuN).
Quantification
The stained images were captured by a microscopy (Olympus, Japan) using a ×20 objective. The number of BrdU, DCX, and NeuN-positive cells in DG was counted with NIH Image J.
For analysis of dendritic complexity of newborn neurons, a subset of DCX-positive cells were randomly selected from different groups (Niv et al. 2012) . The stained sections were imaged by confocal microscopy (Olympus FV1000, Japan) under a ×20 objective and ×40 objective magnification. Images from each channel were acquired sequentially (stacks of 18-24 confocal layers spaced by 1 μm) and superimposed using z-projections. These cells were morphologically reconstructed using NIH Image J. Parameters evaluated included apical and basal dendritic length. Basal dendrites were defined as DCX-positive processes arise from the basal part of the DCX-positive cell body and extend into the hilus. Axonal processes could be easily distinguished from dendrites because of their small diameter and lack of dendritic spines.
Nissl Staining
The brains were fixed with paraffin, cut into coronal sections of 10-μm thickness for every tenth section (six sections per animal). The frozen sections were rinsed in 1 % toluidine blue solution for 20 min at 56°C, then rinsed quickly in distilled water, differentiated in 95 % alcohol for 5 min, dehydrated in alcohol of different concentration for 5 min every time, cleared in xylene for 5 min, and mounted with neutral gum solution. We counted the number of surviving hippocampal CA3 pyramidal cell per 1-mm length of the bilateral hemispheres in a blinded manner by use of a microscope with high magnification.
Western Blot
Western blot analysis was performed at day 40 after operation. Protein concentrations were determined using a BCA protein concentration determination reagent kit (Beyotime, China). The following primary antibodies were used: anti-SDF-1 (1:1000, Abcam) and anti-CXCR4 (1:500, Abcam). Specific Fig. 1 Experimental design. The arrows indicate the timing of operation, EE, water maze test, EEG, BrdU injection, and sacrifice. The first bold black line indicates EE treatment on day 2 to day 31 after operation proteins were visualized using an enhanced chemiluminescence reagent kit (Beyotime, China).
Statistics
Statistical analyses were conducted using SPSS software (version 21). The data of the water maze test were analyzed using one-way analysis of variance (ANOVA) or repeated-measures ANOVA. Other data were analyzed using the non-parametric test Kruskall-Wallis followed by the Mann-Whitney U test. Significance was set at P<0.05. All data were expressed as mean±SEM (standard error of the mean).
Results
TLE Induced by KA
Ninety percent of these rats with seizures (45 of 50 rats) who underwent the SE met the inclusion criteria. In the other five (10 %) rats, the seizure severity did not reach the criteria defined for SE and were not used for further study. Moreover, just five out of the 45 rats with seizures (11.1 %) died during or shortly after the SE, presumably due to respiratory compromise. The remaining 40 rats that met the study criteria were assigned to the following study groups: EP group, n=20 and EEEP group, n=20. None of the controls (SHAM group, n= 20) had seizures or died.
Increases in DG Neurogenesis by EE
The number of DCX-positive cells in DG was decreased in EP group (48.36±1.60) compared with SHAM group (70.47± 2.56; P<0.05). One month after EE, DCX-positive cells were much more in EEEP group (85.93±2.95) than in EP group (P<0.05; Fig. 2c ). In addition, the number of BrdU/DCXpositive cells in DG was also significantly decreased in the EP group (5.89±0.34) compared with the SHAM group (7.85 ±0.60; P<0.05). After EE treatment, the number of BrdU/ DCX-positive cells in the EEEP group (8.09±0.41; P<0.05; Fig. 2d ) was higher than that in the EP group. These results indicated that post-seizure treatment with EE significantly increased the cell proliferation in DG for 1 month after KAinduced TLE.
Increases in Apical Dendritic Length by EE
We performed immunofluorescence staining using DCX to display the morphology of immature granule cells in DG (Fig. 3) . In contrast to SHAM group (330.31±9.61; 55.10± 11.69 μm), the DCX-positive cells in the EP group displayed a significant increase in the apical dendritic length (579.34± 41.69 μm; P<0.05) and the basal dendritic length (129.61± 21.19 μm; P<0.05). After EE treatment, the length of apical dendrite was increased in the EEEP group (782.46 ± 36.42 μm; P<0.05) compared with the EP group, but the basal dendritic length had no difference between the two groups (136.56±21.44 μm; P>0.05).
Increases in Survival of Newborn Neurons by EE
The long-term survival of newborn neurons in the DG was assessed by analysis of BrdU in combination with the neuronal marker NeuN. The number of the BrdU/NeuN-positive cells was less in the EP rats than in the SHAM rats (6.39± 0.61 vs. 9.99±0.63; P<0.05). After EE, BrdU/NeuN-positive cells were much more in the EEEP group (11.24±0.94) than in the EP group (P<0.05) (Fig. 4) .
No Changes in Hippocampal Damage by EE
As observed from the Nissl body staining of neurons on day 42 after SE, we found CA3 pyramidal cells were significantly lost (204.63±19.61) compared with the control rats (280.25± 16.48, P<0.05). However, there were no changes observed between the EP group and the EEEP group (204.63±19.61 vs. 218.75±14.38; P>0.05) (Fig. 5) .
Increases in the Expression of SDF-1 and CXCR4 by EE
As shown in Fig. 6 , western blots confirmed a robust upregulation of the expressions of SDF-1 and CXCR4 in the hippocampus after EE, whereas there were no differences between the SHAM group and the EP group.
Decreases in the Durations of SRS by EE
The spontaneous EEG seizures of rats were observed on day 38 after seizures initiation. EE significantly decreased the durations of spontaneous EEG seizures in rats of the EEEP group (191.36 ± 4.69 s) compared with the EP group (305.11 ± 35.20 s; P<0.05; Fig. 7 ). During the EEG recording session, no spontaneous EEG seizures were observed in rats of the SHAM group.
Improved Cognitive Function by EE
When the water maze data were analyzed, there were significant group effects in escape latency (F(2, 27)=7.848; P < 0.05; Fig. 8a ) and path length (F(2, 27) = 9.098; P < 0.05), but not in swimming speed (F(2, 27) =1.858; P = 0.175). Compared with the EP rats, EEEP rats had shorter escape latency (P < 0.05) and path length (P<0.05). In the probe trial, there was also a significant overall group effect in the number of passes over the target area (F(2, 27) = 3.724; P < 0.05). A significant decrease in passes was found in the EP group compared with the SHAM group (1.20 ± 0.33 vs. 2.70 ± 0.52; P = 0.036), which was reversed in rats from the EEEP group (2.90 ± 0.57; P = 0.019; Fig. 8c ). These differences in search strategies were reflected in the swim paths exhibited by the three groups (Fig. 8b, d ). Rats treated with EE showed a significant preference for the target quadrant than EP rats.
Discussion
Our present study was mainly interested in exploring the effects of EE on hippocampal neurogenesis and the neurological outcomes in the chronic phase of the experimental TLE model. The TLE model induced by ICVKA gave rise to long-term effects on the aberrant neurogenesis, abnormal dendritic development of newborn dentate gyrus cells (DGCs), and In addition, EE treatment significantly enhanced the cell proliferation (#P<0.05 vs. EP). Scale bars: a, 50 μm; b, 20 μm; n=5 per group. BrdU bromodeoxyuridine, DCX doublecortin, DG dentate gyrus, DGCs dentate gyrus cells. The white arrows pointed to the newborn neurons neurons loss in hippocampus. Furthermore, the rats subjected with the TLE model had long-lasting consequences, such as spontaneous seizures and cognitive impairments. More importantly, we found that 1 month treatment of EE could increase the hippocampal neurogenesis and alter dendritic development of newborn neurons after TLE, accompanied by decreased long-term seizure activity and improved cognitive functions in spatial learning.
Aberrant Hippocampal Neurogenesis and Hippocampal Damage After the TLE Model
The decreased hippocampal neurogenesis in various epilepsy models was accompanied by the occurrence of SRS in the chronic phase of TLE (Hattiangady et al. 2004; Hung et al. 2012 ). The prototype induced through a unilateral ICVKA administration in our study demonstrated that the numbers of DCX and BrdU/DCX-positive cells were decreased in DG. Although the precise underlying mechanisms involved in the regulation of neurogenesis remained largely unknown, the decreased neurogenesis in chronic TLE was thought to be associated with the impairments of differentiation of newborn cells, rather than the decreased proliferation or reduced survival of newly born cells in the SGZ (Ledergerber et al. 2006; Hattiangady and Shetty 2010) . It indicated that the hippocampus microenvironment was disadvantageous for the differentiation of newborn neurons into mature neurons during chronic epilepsy.
Consistent with previous reports (Dashtipour et al. 2003; Shapiro and Ribak 2006; Kron et al. 2010; Murphy et al. 2011 ), a significant numbers of newborn granule cells indentified by DCX displayed hilar basal dendrites during chronic epilepsy after ICVKA. It was believed that there was a critical period for the adult-generated neurons to be Fig. 3 The apical dendritic morphology (a) and basal dendritic morphology (b) of immature neurons in DG was displayed by DCX straining. The DGCs in EP group displayed a significant increase in the apical dendritic length compared with SHAM group, while the apical dendritic length in EEEP group was more than in EP group (c, *P<0.05 vs. SHAM; #P<0.05 vs. EP). The basal dendritic length in EP group and EEEP group was increased compared with SHAM group, but there was no difference between the two groups (d, *P<0.05 vs. SHAM). The dendrites of these cells were reconstructed by NIH Image J (e). Scale bars=50 μm; n=5 per group; DCX doublecortin, DG dentate gyrus, DGCs dentate gyrus cells. The white arrows pointed to the basal dendrites vulnerable to develop aberrant hilar basal dendrites in regard to the epileptogenic insult (Walter et al. 2007 ). The basal dendrites arising from newborn DGCs project into the dentate hilus, which might create recurrent excitatory circuits in the hippocampus and might facilitate reception of recurrent synaptic transmission formed by aberrantly sprouting of mossy fibers after seizures. Mature granule cells, however, normally lack basal dendrites (Ribak et al. 2000; Austin and Buckmaster 2004; Overstreet-Wadiche et al. 2006) . In addition, at this time point, a considerable amount of newborn granule cells remained in the granule cell layer had longer apical dendrites extending through the molecular layer. This accelerated development of morphological changes after seizures was thought to result in enhanced synaptic integration of newly generated neurons (Overstreet-Wadiche et al. 2006) .
Consistent with previous studies, the Nissl staining demonstrated that unilateral ICVKA produced cell loss in ipsilateral CA3 region, whereas the CA1 pyramidal neurons and dentate granule cell layers were intact (Shetty and Turner 2000; Shetty et al. 2003) . The vulnerability of CA3 pyramidal neurons may be due to the abundant high-affinity KA-binding sites of this region (Tzeng et al. 2013 ).
Effects of EE on Aberrant Hippocampal Neurogenesis and the Expression of SDF-1 and CXCR4 After TLE
In the present study, 1 month EE treatment promoted the proliferation and survival of newborn neurons in ICVKA model of TLE, as well as increased apical dendrite development of newborn granule cells. However, we found that this treatment did not alter the basal dendritic length and the neuronal loss in the hippocampus in the chronic phase of TLE induced by KA.
In our experiment, the EE cage consisted from a large cage with various toys, including a running wheel, swings and ladders for motor stimulation, wooden objects of different texture and shapes for sensory perception, tunnels of different shapes Fig. 4 Numbers of newborn mature neurons in DG in different groups. a The newborn mature neurons were labeled with a combination of BrdU (red) and NeuN (green). The number of BrdU/NeuN-positive cells in EP group was less than in SHAM group (b, *P<0.05 vs. SHAM). In addition, EE treatment significantly enhanced the survival of neurons (#P<0.05 vs. EP). Scale bars: 50 μm; n=5 per group. BrdU bromodeoxyuridine, NeuN neuronal nuclei, DG dentate gyrus. The white arrows pointed to the newborn mature neurons for spatial navigations, balls of different colors for visual stimulation, and a house for hiding. These toys and positions were changed 1-2 times/week to bestow environmental novelty. The enrichment also comprised increased social interaction, as larger numbers of animals (about 10 rats in our experiment) were usually housed together in bigger and wider cages with exploratory chambers (Dhanushkodi and Shetty 2008; Fares et al. 2013) .
Our results demonstrated that exposure to EE partially reversed the insults during chronic epilepsy by inducing neural plasticity. It was documented that EE could lead to multiple morphological, physiological, and neurochemical changes Fig. 5 Numbers of neurons in CA3 region of the hippocampus of each group. a The hippocampus under a microscope at ×4 magnification. b The CA3 region under a microscope at ×20 magnification. c EP group have neurons loss in CA3 region compared to control group, and EE had no effect on the neurons loss. *P<0.05 vs. SHAM; Scale bars=50 μm; n=5 per group; DG dentate gyrus Fig. 6 The expression of SDF-1 and CXCR4 in the hippocampus in different groups. The expression level of SDF-1 and CXCR4 was normalized to β-action expression. a, b Representative immunoblots of SDF-1 and CXCR4 in the hippocampus of the SHAM, EP, and EEEP groups. c, d Expression levels of SDF-1 and CXCR4 in the hippocampus of EEEP group were higher than EP group, whereas there were no differences between SHAM group and EP group. n=5 per group; #P<0.05 vs. EP (He et al. 2010; Fan et al. 2014; Kato et al. 2014; Kotloski and Sutula 2015) . Previous study with immature rats subjected to SE showed that EE enhanced DG neurogenesis and phosphorylation of CREB compared with rats housed in non-EE (Faverjon et al. 2002) . As well as long-term EE treatment with adult rats in our present study increased the proliferation and survival of neuroprogenitor cells in ICVKA model of TLE. Synaptic GABA-mediated activation can promote morphological maturation and dendrite outgrowth in the developing neurons (Duveau et al. 2011 ). The enhanced neural activity induced by EE may reinforce GABA-mediated synaptic inputs, which has been shown to be crucial for the accelerated apical dendrite development of newborn DGCs after longterm EE housing.
The dead or injured neurons, reactive glial cells, and endothelial cells have been reported to release SDF-1 after brain injury such as stroke or seizures (Schonemeier et al. 2008; Jung et al. 2009 ). SDF-1/CXCR4 plays a particularly important role in adult neurogenesis and synergistically influences the GABAergic synaptic inputs to DG neural progenitors then modulates the neurogenesis of the DG directly (Bhattacharyya et al. 2008 ). In the context of stroke, SDF-1/CXCR4 signaling appeared to regulate the strength of GABAergic inputs to newborn neurons as a novel neurotransmitter (Ardelt et al. 2013) . Since increased GABA release in the DG during the early post-seizure period was thought to regulate the proliferation and survival of newborn neurons, SDF-1 may promote the proliferation of newborn neurons through augmentation of the GABAergic inputs during the seizures. The SDF-1 protein level has been shown to be significantly increased as early as 24 h after SE, and this elevation can last for 1 month (Jung et al. 2009) . Similarly, in the present study, we found the expression of SDF-1 and CXCR4 recovered at the baseline levels on 42 days after KA injection by western blot analysis, while EE for 30 days could delay the attenuation of the expression of SDF-1 and CXCR4. Thus, our study suggested that SDF-1/CXCR4 might be involved in the enhanced neurogenesis induced by EE treatment after experimental TLE.
Effects of EE on the SRS and Cognitive Functions After TLE
It was well recognized that TLE resulted in long-term cognitive impairments both in animals and patients, which is characterized by SRS in the chronic phase (Alessio et al. 2004; Pauli et al. 2006; Hattiangady and Shetty 2008; Siebzehnrubl and Blumcke 2008) . Similarly, in our present study, we found the seizures impaired the long-term cognitive functions in learning and memory as assessed by the Morris water maze, and the spontaneous EEG seizures were detected as early as 1 month after seizure initiation in the TLE model induced by KA.
Currently, whether EE after the induction of acute seizures or SE preventing or restraining the development of chronic epilepsy remained inclusive. After SE in immature rats, no differences between the enriched and non-enriched groups in epileptiform activity of EEG were found (Rutten et al. 2002) . And it was confirmed that EE had no effect on seizure threshold in rats with early-life SE (Wang et al. 2007 ). In contrast, enriched housing for 60 days worsened the spike-wave discharges in WAG/Rij rats, a genetic model of absence epilepsy (Schridde and van Luijtelaar 2004) . Recently, housing in enriched cages after Pilo-SE induced at weaning was demonstrated to reduce the number of rats with spontaneous EEG recurrent seizures later in life (Fares et al. 2013) . In the present study, different from what was found in non-convulsive seizures, EE significantly decreased the spontaneous EEG seizures in adult rats subjected to unilateral ICVKA model during chronic epilepsy. However, our result was not conclusive because of the limited number of animals. Small sample size may influence the quality of the research findings. The sample size would have to be increased in our future research to provide more reliable data.
Possibly, neural plasticity at several levels in the brain induced by EE, including multiple structural changes, neurogenesis, synaptogenesis, increase of neurotrophic factors, and essential genes and proteins involved in the neuronal plasticity and alterations in neurotransmitters or receptors were involved in the cognitive improvements associated with EE in the normal brain (Alvarez et al. 2014; Leger et al. 2014; Monteiro et al. 2014) . In immature rats, EE has been shown to reverse the cognitive decline during epileptogenesis (Faverjon et al. 2002; Rutten et al. 2002) . As well as exposing to EE with adult rats that underwent severe SE at weaning was found to prevent the cognitive impairments (Fares et al. 2013) . In the present study, similar cognitive recovery was achieved by environmental enrichment after experimental TLE in adult rats.
However, the significance of the enhanced neurogenesis induced by EE contributing to the reversed cognitive impairments during chronic TLE remained unknown. Although the reduced neurogenesis in DG may undermine cognitive functions after chronic TLE as the maintenance of hippocampaldependent learning and memory functions depends on continuous generation of newly born DGCs that integrate into the Fig. 9 A summary figure explaining the possible molecular mechanisms and pathways of EE treatment on chronic TLE. Status epilepticus results in multiple pathological changes including hippocampal neurons loss, aberrant sprouting of mossy fibers, and spontaneous recurrent seizures, which eventually lead to declined DG neurogenesis and cognitive impairment in chronic TLE (Dhanushkodi and Shetty 2008) . It should be noted that the role of aberrant mossy fibers sprouting in epileptogenesis remains controversial (Scharfman et al. 2003; Sloviter et al. 2006; Buckmaster 2014) . In our study, we showed EE treatment could increase the hippocampal neurogenesis, decrease long-term seizure activity, and improve cognitive functions in spatial learning, as well as enhance the expression of SDF-1 and CXCR4 which plays a particularly important role in adult neurogenesis. However, this treatment did not affect the neuronal loss in the hippocampus, and the effect of enriched environment after seizures on mossy fibers sprouting was unknown. EE enriched environment, TLE temporal lobe epilepsy, DG dentate gyrus existing circuitry (Jessberger and Kempermann 2003; Aimone et al. 2006; Andres-Mach et al. 2011) , it is difficult to speculate the overall effects of increased neurogenesis in the epileptogenesis of chronic TLE. But an increase in neurogenesis may not always result in favorable function if a greater fraction of newborn neurons exhibit aberrant integration into the existing hippocampal circuitry (Hester and Danzer 2013) . It is reasonable to assume that if a greater fraction of newly born neurons develop and incorporate into the existing network appropriately; this may mitigate the occurrence of chronically epileptogenic hippocampal circuitry. Although results from electrophysiological studies were still lacking, EE treatment seemed to be beneficial for the appropriate integration of newborn neurons into the circuitry. By creating a large pool of newborn cells with normal development and protection from disruption, EE might lead to better consequences such as limited spontaneous seizures with fewer learning and memory impairments (Jakubs et al. 2006 ).
In general, as shown in Fig. 9 , we demonstrated that EE treatment effectively improved cognitive function, suppressed long-term seizure activity, and altered neurogenesis in adult rats after TLE, which would help us to understand the mechanisms behind EE and provide a theoretical basis for TLE treatment. However, direct evidence that the alteration of neurogenesis is responsible for antiepileptic effects of EE in TLE is needed in future research to provide more reliable data.
